POT from Arabidopsis thaliana is a member of shelterin complex and belongs to Telo bind protein family. Three homologs are reported, namely, AtPOT1a, AtPOT1b, and AtPOT1c, where AtPOT1b is involved in genomic stability and chromosome end protection by providing necessary grip to G-rich region of telomeric DNA for telomerase assembly. Telomeric binding factors (TRB1-3) physically interact with POT with no known functionality. In this work attempt has been made to elucidate the reason behind the interaction by analyzing molecular docking interaction between AtPOT1b and AtTRB1-3, which yielded potential residues, which could play essential role in structural modification. 3 ns molecular simulation helped to look into structural stability and conformational dynamics portraying domain movements. AtTRB's interaction with AtPOT1b provoked structural changes in AtPOT1b, thereby increasing the affinity for single strand DNA (ssDNA) as compared to double strand DNA (dsDNA). Although the obtained results require experimental evidence they can act as a guide in tracing the functions in other organisms. The information provided in this paper would be helpful in understanding functions of TRB1-3 with respect to genomic stability.
Introduction
Protection of telomere (POT1) is a single strand (ss) DNA binding protein which holds together the G-rich region of the telomeric sequence. To do such an intense job complexes of proteins have to join hands together. One such complex is shelterin which comprises of TRF1, TRF2, TIN2, TPP1, POT1, and RAP1 proteins. POT1 makes its presence in almost all eukaryotes being conserved by nature [1] . POT1 safeguards from rapid telomere loss and chromosome end fusion. Interruption of POT1 gene caused telomere recombination and severe DNA damage response [2] . Three POT1 homologs are identified in Arabidopsis, namely, POT1a, POT1b, and POT1c, where POT1a helps in telomere synthesis while POT1b is associated with chromosome end protection [3] . Baumann and Cech reported that POT1b directly binds with telomeric G-rich region in yeast [4] . However, POT1b of Arabidopsis does not follow aforementioned statement suggesting other proteins to be responsible for uniting the interaction with DNA [5] . Another group of SMH-like proteins (AtTRB1-3) binds specifically with telomeric DNA with unknown functionality [6] . Fascinatingly, physical association was also reported between AtPOT1b and AtTRB1-3 [7] which may be involved through Telo bind domain [8, 9] . Thus AtTRB1-3 might be a key player in arbitrating structural modifications in AtPOT1b to strongly hold DNA. Current research focuses on the interaction mediated by AtTRB1-3 to transform structural changes in AtPOT1b in order to bind ssDNA. Thus, in order to identify the molecular basis of interaction between AtPOT1b and AtTRB1-3 an attempt has been made using the molecular docking and molecular dynamics simulation technique.
Materials and Methodology

Sequence and Domain Analysis.
Protein sequences of AtPOT1b, AtTRB1, AtTRB2, and AtTRB3 were collected from UniProt web server [10] (http://www.uniprot.org/) with their corresponding accession numbers Q6NKX5, Q8VWK4, Q9FJW5, and Q9M2X3, respectively. They were further subjected to InterProScan [11] (http://www.ebi.ac .uk/Tools/pfa/iprscan/) and ProtParam [12] (http://web.expasy.org/protparam/) for domain investigation and analyzing physico chemical properties. 
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Tertiary Structure Prediction.
Absence of three-dimensional structure in PDB database [13] (http://www.rcsb.org/) and lack of suitable templates for homology modeling made us employ I-TASSER [14] (http://zhanglab.ccmb.med.umich .edu/I-TASSER/) web application for protein structure prediction which is based on assembly simulations and multiple threading alignments by LOMETS [15] . The best model chosen was refined using What If server [16] (http:// swift.cmbi.ru.nl/servers/html/index.html) for removing bad contacts between protein atoms and was further subjected to molecular dynamics studies (MDS) using GROMACS 4.5.5 package for structural stability [17] .
Molecular Dynamics
Studies. GROMACS 4.5.5 package and Amber force field [18] were used to analyze model stability. The models were solvated with SPC-E water model using 0.9 nm triclinic box. The system was neutralized by replacing water molecules with counter ions sodium and chloride. The periodic boundary conditions were applied in all directions. Equilibration for both temperature (300 K) and pressure (1 atm) was carried out for 100 ps while the steepest descent algorithm was applied to 50,000 energy minimization steps for the constructed models. A total of 3000 ps (3 ns) production run was performed with a time step of 2 fs. The lowest potential energy conformations were selected from 3 ns MDS trajectory for further Protein-DNA interaction study. The model generated after MDS was subjected for validation using various web tools including PROCHECK [19] , ERRAT [20] , and VERIFY 3D [21] , respectively.
Docking Studies.
Single strand (ss) as well as double strand (ds) DNA with telomere sequence TTTAGGG starting from 5 to 3 was prepared using Discovery Studio software 3.1 (Discovery Studio Modeling Environment, Accelrys Software Inc., 2012). Three-dimensional structures derived from I-TASSER web application were further used as input for HAD-DOCK web application specifying the Telo bind domain (13-143) of AtPOT1b and Histone H1/H5 domain (122-182) of AtTRB1-3 to dock in order to unearth the structural changes in AtPOT1b made by AtTRB1-3.
Docking of AtPOT1b with ssDNA.
The least energy trajectory throughout 3 ns MDS of AtPOT1b was selected and docked with ssDNA using HADDOCK web application. Telo bind domain of AtPOT1b was specified in input parameters and HADOCK score was considered for selecting best docked structure. The interacting residues were identified through Ligplot software [22] . . AtPOT1b was docked with AtTRB1-3 in order to find the structural changes in AtPOT1b induced by AtTRB1-3. The whole length domains of the protein were allowed to dock using HADDOCK web server forming three complexes, namely, AtPOT1b-AtTRB1, AtPOT1b-AtTRB2, and AtPOT1b-AtTRB3, respectively.
Docking of AtPOT1b with
Docking AtPOT1b with ssDNA after Structural Changes.
Structurally induced AtPOT1b was redocked with ssDNA through HADDOCK web application in order to find out whether H1/H5 domain of AtTRB1-3 induces Telo bind domain to bind ssDNA. PRODY [23] application was used to track the domain movements.
Docking AtPOT1b with dsDNA after Structural Changes.
In order to know the effect of AtTRB1-3 on AtPOT1b to bind dsDNA, structurally induced AtPOT1b was also redocked with dsDNA using HADDOCK web application. This also cross-validates the role of AtRB1-3 responsible for inducing AtPOT1b to bind either of ssDNA, dsDNA, or both.
Results and Discussion
Sequence and Domain Analysis. InterProScan predicted
Telo bind and H1/H5 protein family to be present in AtPOT1b and AtTRB1-3. The residues belonging to the different families are described in Table 1 . Telo bind domain helps in recognition of single stranded DNA [8] while SANT/Myb domain also assists for DNA binding [24] . On the other hand, Histone H1/H5 is responsible for protein interaction [25] . It gives a clear understanding that H1/H5 domain should interact with Telo bind domain in order to bring structural changes to bind to ssDNA more effectively.
ProtParam tool was used to analyze the molecular weight, isoelectric point, and amino acid percentage rich region of all the proteins. The properties analyzed revealed leucine (9%) to be the most abundant amino acid in AtPOT1b followed by serine (7.9%) and arginine (6.82%). However, in AtTRB1-3 alanine was plenteous (12%, 13.4%, and 12.5%) in all, followed by glutamic acid (9%) and serine (8.7%) in AtTRB1 while lysine (10.7% and 10.5%) and glutamic acid (8% and 8.5%) remained as the second and third highest in their frequency in both AtTRB2 and AtTRB3. Table 2 depicts physico chemical properties of all the proteins under investigation.
Tertiary Structure Prediction and Structural
Analysis. I-TASSER web application was used for deciphering the threedimensional structures as no suitable template was found Protein  name  Templates   POT1b  2i0qA, 1jb7A, 1xjvA, 3kjpA   TRB1  2osxA, 2lsoA, 1hstA, 4fsxA, 2juhA, 1h89A, 1hstA,  1h88C, 3hfwA  TRB2  4fxgB, 2lsoA, 1hstA, 4fsxA, 2juhA, 1x58A, 1h88C, 4fxgB  TRB3  4fxgB, 1hstA, 1zrtD, 2juhA, 1x58A, 1h88C, 4fxgB, 2lsoA for homology modeling. The various templates considered by I-TASSER server for structure prediction are mentioned in Table 3 . The best structure was chosen based on -score, TM score, and cluster density. -score (confidence score) says about the significance about the threading template alignment. -score is typically in the range of [−5, 2]; thus, in our model the score was −0.31, −3.24, −2.44, and −2.20 for AtPOT1b, AtTRB1, AtTRB2, and AtTRB3, respectively. While expected TM score is scale for measuring the structural similarity between two structures and the range should be >0.5 indicating the model to be in correct topology [26] , the TM score for the best model was found to be 0.67±0.13, 0.55± 0.12, 0.53 ± 0.14, and 0.65 ± 0.15 which were in accordance with the above statement. A higher number of decoys 2089, 703, 2315, and 2336 for the modeled protein signify that the structure occurs more often in the simulation trajectory and therefore signifies a better quality model (Table 4 ). The best model was further taken for simulation and validation studies. Detailed analysis of PDBsum server [27] revealed various important parameters like sheets, hairpins, psi loop, beta bulges, strands, helices, helix-helix interaction, beta turns, and gamma turns for configuring the tertiary structure of the protein. AtTRB2 and AtTRB3 exhibited almost a common pattern in terms of the presence of sheets, beta hairpins, strands, and helices while AtTRB1 was totally different when compared to the other two. The results are shown in Table 5 and Figure 1 . Molecular structure of AtPOT1b shows Telo bind domain , which is conserved throughout RPA like superfamily [3] . On the other hand, AtTRB1-3 shows two domains, namely, SANT/Myb domain (5-55) and histone H1/H5 domain (122-182). It has been reported that SANT/Myb domain usually binds to DNA [28] while H1/H5 binds to proteins [25] , thereby suggesting a mechanism where H1/H5 domain binds with Telo bind domain, thereby making structural changes in AtPOT1b. AtTRB-AtPOT1b complex then attaches itself to the single stranded telomeric G-rich strand due to the SANT/Myb domain present in AtTRB1-3. As the attachment is done with ssDNA, AtTRB (telomere repeat binding factor) gets rid of AtPOT1b making significant modification in the structural conformation of AtPOT1b.
Molecular Dynamics Studies (MDS) of Modeled Proteins.
MDS was carried out for 3000 pico second (3 ns) in order to evaluate the stability of the best I-TASSER models. Molecular dynamics studies gave insight into potential energy, RMSD, and RMSF of three-dimensional structures. Both two-dimensional and three-dimensional structure predicted by I-TASSER server were evaluated after undergoing 3 ns simulation as seen in Figure 1 . The minimum and maximum potential energies of all the proteins are listed in Table 6 .
Root mean square deviation (RMSD) profiles are described in Figures 61  65  70  75  80  85  90  95  100  105  110 115 120 121 125  130  135  140  145  150  155  160  165  170  175 the interactions by maintaining the conformational changes during the 3 ns molecular dynamics and can be observed in Figure 2 .
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Validation of the 3D
Structure. Molecular dynamics helped to increase the quality of protein structure. The stereochemical qualities of the 3 ns simulated models of the four proteins were validated by subjecting PDB files to structural analysis and verification server (SAVES) for Ramachandran plot, ERRAT score, and verify3D analysis, which showed that all model, had good quality factors and were reliable for further studies. Ramachandran plot represents red areas which correspond to the core regions representing the most favorable combination of phi-psi values [29] . Maximum likelihood for finding the protein residues (>90%) in the core regions suggests better stereochemical quality. The results of PROCHECK analysis indicate that a relatively low percentage of residues have phi/psi angles in the disallowed regions suggesting the acceptability of Ramachandran plots for the four proteins. The percentage of allowed residues in the core region were found to be 97.5, 94.8, 98.5, and 98.4% and residues in the disallowed regions were found to be 0.5, 1.5, 0.8, and 1.2% for AtPOT1b, AtTRB1, AtTRB2, and AtTRB3, respectively. The above-mentioned results can be seen from Table 6 and Figure 3 . From the consequence, the stereochemical quality of the predicted model was found to be satisfactory.
AtPOT1b and ssDNA Interactions.
The lowest potential energy of AtPOT1b was chosen to dock with ssDNA. Telo bind domain of AtPOT1b was docked with ssDNA using HADDOCK web application. Haddock score for the complex was −1.7 while RMSD was 0.925Å which seemed to be quite significant in terms of structural changes made by ssDNA as depicted from Table 7 . The important residues which contributed in hydrogen bond formation with ssDNA are T66, R68, S103, F106, K125, L127, K222, H251, and K253 of which residues T66, R68, S103, F106, K125, and L127 belong to Telo bind domain. Hydrogen bond plays a significant role which is very essential for three-dimensional structure [30] .
Interacting residues are mentioned in Table 7 .
Docking of AtPOT1b and AtTRB1-3.
The lowest potential energy of each trajectory for four proteins was chosen and the protein-protein interactions were performed using HAD-DOCK server. Since AtPOT1b significantly interacted with AtTRB1-3 through Telo bind domain (13-143) and histone H1/H5 superfamily domain (115-183), respectively, they were reported to engage for telomerase assessment [8, 25] . In fact, whole length protein family residues were used as active residues to define ambiguous interaction restrains (AIR) from which the best 200 structures were clustered for each AtPOT1b-AtTRB1, AtPOT1b-AtTRB2, and AtPOT1b-AtTRB3 interaction based on their binding energies. HADDOCK analyses of the best cluster showed intermolecular energies of −219.072, −210.047, and −213.927 kcal/mol, respectively, with very low (<2Å) RMSD deviations suggesting that the structure of each complex was very stable. Table 8 , hydrogen bond length of different interacting residues was identified. Twelve residues of AtPOT1b interacted with AtTRB1 making a total of seventeen hydrogen bonds between them. Similarly, for the second complex (AtPOT1b with AtTRB2) seventeen hydrogen bonds were formed by thirteen residues, while for the third complex (AtPOT1b with AtTRB3), ten residues were involved to give a total of fifteen hydrogen bonds. Residues lying within 130 to 142 of AtPOT1b were found to be significantly involved in the interaction with all the three proteins of AtTRB as evidenced by hydrogen bond frequencies, thus proving this region to be highly active. Ligplot application revealed none of the residues to be involved in Telo bind domain to be able to interact with both histone H1/H5 domain and ssDNA.
From Figures 4(a)-4(c) and
3.7.
Redocking of Induced AtPOT1b to ssDNA. HADDOCK score revealed the best protein-protein complex between AtPOT1b-AtTRB1, AtPOT1b-AtTRB2, and AtPOT1b-AtTRB3 and was again redocked with ssDNA. In order to know whether AtTRB1-3 had induced AtPOT1b, root mean square deviation (RMSD) was keenly observed between the initial structure and the AtTRB1-3 induced structure. It was very surprising that RMSD between the initial and induced was very high at 1.815Å, 1.455Å, and 2.304Å, respectively. Deviating so much from the initial structure ironically suggests that there is a significant change in the structure of AtPOT1b through the interaction of AtTRB1-3. HADDOCK score also increased from −1.7 to −63.8 as evidenced from Table 9 which also hints that AtTRB might be responsible for making structural changes in AtPOT1b in order to bind ssDNA more efficiently. Interestingly, structural analysis revealed plenteous evidence to prove that AtTRB1-3 induces AtPOT1b. The total number of hydrogen bond increased to 21, 24, and 14 of which 12, 19, and 11 hydrogen bonds are due to the residues belonging to by Telo bind domain owing to AtTRB1, AtTRB2, and AtTRB3 inducement. Two-dimensional and three-dimensional interactions between the proteins can be visualized from Figures 5(a)-5(d) and 6(a)-6(d) , respectively, which are prepared using Ligplot [22] and Discovery Studio application 3.1 (Discovery Studio Modeling Environment, Accelrys Software Inc., 2012). The list of residues which were involved in hydrogen bond formation along with their bond length is mentioned in Table 10 . It was clear from Tables 7 and  10 that R68, S103, and K125 are key amino acids present before and after AtTRB1-3 interaction. These key residues might play vital role in inducing structural changes as these are responsible for maintaining the interaction in all the protein-DNA complexes.
Moreover, stern look at the structure revealed the presence of three loops in triangular orientation governed by key amino acids, namely, R68, S103, and K125, respectively ( Figure 8 ). Number of hydrogen bonds without AtTRB1-3 influence was three while with influence the bonds increased to six possibly stating the role of AtTRB1-3 in structural modification as depicted in Figures 7(a) and 7(b) , respectively. As seen from the figure Ser 103 makes only one hydrogen bond while Ser 105 is responsible for none but as it is induced by AtTRB1-3 the number of hydrogen bonds increased for both residues (Table 10) , illustrating the role of AtTRB1-3 in influencing structural changes. The presence of three amino acids, namely, Arg 68, Ser 103, and Lys 125, are responsible for the contraction of the three loops in triangular orientation in order to bind the ssDNA more firmly as seen in Figure 8 . Residues R68, S103, and S105 bind guanine which supports the above-mentioned experimental evidence stating that POT1b specifically binds G-rich region of ssDNA. From the above evidences it is understood that AtTRB is responsible for inducing AtPOT1b where Ser 105 might be playing a decisive role in ssDNA attachment and vice versa.
PRODY interface [23] was used to compute anisotropic network model (ANM) calculations both before and after TRB1-3 interaction. ANM calculation provides the movements in the structures to be visualized. The movement direction of AtPOT1b due to AtTRB1-3 interaction can be visualized from and displacement of AtPOT1b. Interestingly, the shorter arrows are pointing towards inward direction indicating the movement to be in closed conformation. However, in the case of TRB induced POT1b arrows are longer in length as well as pointing towards outer direction indicating an open conformation. The expansion of protein structure in an open form might be essential to firmly hold ssDNA. Binding energy score also supports the above statement (Table 9 ). AtTRB1-3 significantly increased the movement of Telo bind domain in AtPOT1b leading to the conclusion that AtTRB1-3 definitely plays a vital role in bringing structural changes necessary for ssDNA attachment. In order to confirm whether AtTRB1-3 induced AtPOT1b had any affinity towards dsDNA, HADDOCK web application was again used to cross-validate. AtPOT1b was docked with dsDNA. HADDOCK score and binding energy score were taken into consideration for interpreting the results which are depicted in Table 9 . It was interesting to find insignificant HADDOCK scores of −31.5, −36.1, and −31.5 for AtTRB1-3 induced AtPOT1b when it was allowed to interact with dsDNA. The binding energy for ssDNA without the influence of AtTRB was −11580.27 kcal mol −1 while under influence of AtTRB1, AtTRB2, and AtTRB3 the energy increased to −18431.65, −17323.66, and −17513.71 kcal mol −1 , respectively. With respect to dsDNA the binding energy with and without AtTRB1-3 influence was −1680.84, −1767.63, −1702.43, and −1421.9 kcal mol −1 , respectively, as seen in Table 9 . The binding energy results were also in concordance with the said hypothesis.
Thus, it might be concluded that AtTRB1-3 interaction with AtPOT1b (Telo bind domain) might induce the later to bind ssDNA more efficiently rather than dsDNA. Triangular orientation of the three amino acids helps in providing stability to the telomeric single stranded DNA leading to efficient telomere elongation headed by telomerase.
Conclusion
AtPOT1b plays a very vital role in maintaining genomic stability with the help of transcription factors AtTRB1-3. Moreover, molecular model for AtPOT1b, AtTRB1, AtTRB2, Figure 8 : Triangular orientation of the key amino acids. R68, S103, and K125 can be seen in a triangular orientation which is responsible for hydrogen bond formation represented by red dotted lines along with their distances. The binding of these residues is responsible for conformational changes in AtPOT1b leading to a firm grip for ssDNA. and AtTRB3 has been predicted and the role of AtTRB1-3 with respect to AtPOT1b was analyzed. The threedimensional structure was modeled using I-TASSER web application and their stability was analyzed through 3 ns molecular dynamics simulation studies. Structure validation was performed through Ramachandran plot, verify3D, and ERRAT scores. Molecular docking analysis helped to locate structural transitions brought in AtPOT1b through AtTRB1-3 interaction while structural analysis assisted in finding key residues, namely, R68, S103, and K125, to be responsible in mediating interaction with ssDNA. S105 on the other hand might be responsible for efficient gripping of ssDNA. RMSD scores of 1.815Å, 1.455Å, and 2.304Å also supported the fact that AtTRB1-3 interacts with AtPOT1b mediating structural transformations in AtPOT1b in order to bind ssDNA more efficiently than dsDNA as portrayed from HADDOCK and binding energy scores. Moreover, the attachment to DNA is mediated by the key amino acids which form a triangular orientation in order to interact with ssDNA. Nevertheless, the order of AtTRB1-3 interaction is still unknown and future investigation is required in order to trace the transcriptional regulation of protection of telomeres (POT). More work will be needed to check whether the above-mentioned result is true for humans and other organisms.
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